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Abstract. Atmospheric aerosol distributions from 2000 to
2007 are simulated with the Goddard Chemistry Aerosol Ra-
diation and Transport (GOCART) model to attribute light
absorption by aerosol to its composition and sources from
pollution, dust, and biomass burning. The 8-year, global
averaged total aerosol optical depth (t), absorption optical
depth (z,), and single scattering albedo (w) at 550 nm are
estimated at 0.14, 0.0086, and 0.95, respectively, with sul-
fate making the largest fraction of v (37%), followed by dust
(30%), sea salt (16%), organic matter (OM) (13%), and black
carbon (BC) (4%). BC and dust account for 43% and 53%
of t,, respectively. From a model experiment with “tagged”
sources, natural aerosols are estimated to be 58% of t and
53% of t,, with pollution and biomass burning aerosols to
share the rest. Comparing with data from the surface sun-
photometer network AERONET, the model tends to repro-
duce much better the AERONET direct measured data of
 and the Angstrom exponent («) than its retrieved quanti-
ties of w and t,. Relatively small in its systematic bias of
t for pollution and dust regions, the model tends to under-
estimate T for biomass burning aerosols by 30-40%. The
modeled « is 0.2-0.3 too low (particle too large) for pol-
lution and dust aerosols but 0.2-0.3 too high (particle too
small) for the biomass burning aerosols, indicating errors in
particle size distributions in the model. Still, the model esti-
mated w is lower in dust regions and shows a much stronger
wavelength dependence for biomass burning aerosols but a
weaker one for pollution aerosols than those quantities from
AERONET. These comparisons necessitate model improve-
ments on aerosol size distributions, the refractive indices of
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dust and black carbon aerosols, and biomass burning emis-
sions in order to better quantify the aerosol absorption in the
atmosphere.
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1 Introduction

Aerosol absorption in the atmosphere plays important roles
in climate change. Aerosol radiative forcing is determined
not only by the total amount of aerosol in the atmosphere
but also by the abundance of the absorbing components (e.g.,
Hansen et al., 1997; Ackerman et al., 2000). Light-absorbing
particles warm the atmosphere that offset the cooling ef-
fects by non-absorbing aerosols such as sulfate (IPCC, 2007).
The degree of aerosol-cloud-precipitation interaction criti-
cally depends on the absorbing aerosols, since they could
change cloud fraction (Kaufman and Koren, 2006), cloud
cover and cloud albedo (Hansen et al., 1997), atmospheric
circulation, and precipitation pattern and duration (Menon et
al., 2002; Kim et al., 2006; Lau et al., 2006). Furthermore,
the absorption in the ultraviolet and shortwave visible solar
spectral wavelengths can affect the atmospheric chemistry by
altering the photodissociation rates for key oxidants (Dicker-
son et al., 1997; Martin et al., 2003; Bian et al., 2003).
Absorption of solar radiation in urban and biomass burn-
ing environments is attributed mainly to the presence of
strong light absorbing carbonaceous aerosols, largely black
carbon (BC), whereas in arid and semiarid regions and down-
wind mineral dust is a main absorbing species. The absorb-
ing ability of aerosol species is determined by the imaginary
part of the complex refractive index, which for BC is of two
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orders of magnitude higher than for dust (e.g., Kinne et al.,
2003). However, the atmospheric mass loading of dust is also
about two orders of magnitude higher than that of BC, mak-
ing the total absorption in the solar spectrum comparable to
BC.

Despite its importance, determining the effects of aerosol
absorption remains difficult. Large uncertainty in the optical
properties of absorbing aerosols proves to be a major factor.
In most cases, the measurements of aerosol optical proper-
ties either are limited to particular source regions (e.g. Sa-
haran dust) or confined to a small span of wavelength range
(e.g., mid-visible), and, in some cases, have not been updated
for decades. Yet, more complications occur when the parti-
cles are internally mixed with several aerosol components as
the optical properties of such a mixture could be quite dif-
ferent from externally mixed particles (e.g., Jacobson, 2000;
Stier et al., 2006; Schwarz et al., 2008). Another difficulty in
quantifying the aerosol absorption arises from the large vari-
ability of aerosols. Unlike the long-lived greenhouse gases,
such as carbon dioxide and methane, which have lifetimes
from tens to hundreds of years, aerosols have short life-
times ranging from less than one day to one or two weeks.
The short lifetime combined with highly variable and often
episodic absorbing aerosol sources, such as wind-blown dust
and biomass burning, result in highly inhomogeneous distri-
butions of absorbing aerosols in space and time.

Numerous observations of aerosol absorption have been
conducted in several field experiments (see Bergstrom et al.,
2007, for a summary), from surface based networks (e.g.
Dubovik et al., 2002; Delene et al., 2002), and from satel-
lite retrievals (Torres et al., 2005). Among them, the most
comprehensive and probably the most accurate dataset is that
from the ground-based sunphotometer network, the Aerosol
Robotic Network (AERONET), which has been measuring
total aerosol optical depth (7) and retrieving aerosol single
scattering albedo (w) and aerosol absorption optical depth
(t4) at multiple wavelengths for more than a decade world-
wide. Nonetheless, while the AERONET data have been
commonly used for satellite and model validations and for
a wide range of aerosol research, they in fact lack vertical in-
formation, have limited coverage over ocean, and can only
retrieve absorption information with sufficient accuracy in
relatively high aerosol loading environments.

Keeping in mind both the necessities and difficulties in-
volved in defining aerosol absorption, we present here global
model simulated aerosol absorption with the Goddard Chem-
istry Aerosol Radiation and Transport (GOCART) model
from 2000 to 2007. Our purpose is to quantify the aerosol
absorption in the atmosphere as a function of sources, re-
gions, and spectral dependence for climate studies. We first
describe the model components and how the absorption is
calculated (Sect. 2), then we evaluate the model simulated
key aerosol parameters of 7, 7,4, w, and the Angstrbm Ex-
ponent («, indication of aerosol size) with the AERONET
measurements/retrievals at different world regions (Sect. 3).
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We then present the global distributions of these parameters
and attribute them to the aerosol composition and to the ori-
gin of pollution, dust, and natural sources (Sect. 4), followed
by conclusions on major findings (Sect. 5).

2 Model simulation of aerosol components and optical
depth

The GOCART model uses assimilated meteorological fields
from the Goddard Earth Observing System Data Assimila-
tion System (GEOS DAS). In this study, the version 4 of
GEOS DAS is used to drive an off-line simulation of global
aerosols at a resolution of 2.5° longitude by 2° latitude and
30 vertical layers. Atmospheric processes include emission,
chemistry, boundary layer mixing, advection, convection,
dry and wet depositions, and hygroscopic growth of aerosol
particles. Details of the GOCART model are described in our
previous publications (Chin et al., 2000, 2002, 2004, 2007,
Ginoux et al., 2001, 2004); a brief summary and recent up-
dates are given below.

2.1 Anthropogenic and natural emissions

The aerosol simulation in GOCART from 2000 to 2007 in-
cludes major aerosol types of sulfate, dust, BC, organic car-
bon (OC), and sea salt, and the precursor gas species of
SO, and dimethylsulfide (DMS). The model accounts for
time-varying emissions from anthropogenic, biomass burn-
ing, biogenic, and volcanic sources, wind-blown dust, and
sea salt. The annual anthropogenic emissions of SO,, BC,
and OC between 2000 and 2006 (Streets et al., 2009) are
used and they are estimated by considering more than 100
combinations of combustor technology, particle collection
device, fuel type, and fuel use (Streets et al., 2004; Bond
et al., 2004). Other anthropogenic emissions include the air-
craft and ship emissions, which are interpolated or extrapo-
lated from the available database (Eyring et al., 2005, for in-
ternational ship emission; Mortlock et al., 1998, for aircraft
emissions from the Atmospheric Effects of Aviation Project
database). Biomass burning emissions of SO;, BC, and OC
are calculated using the dry mass burned dataset from the
Global Fire Emission Dataset version 2 (GFED v2) (van der
Werf et al., 2003, 2006; Randerson et al., 2007) and the
emission factors from Chin et al. (2004), which for BC and
OC are 1 gkg~! and 8 gkg™!, respectively, that can be 40—
100% higher than most commonly used values (Andreae and
Merlet, 2001) but are within the observed range (see Chin
et al., 2002). Volcanic emissions of SO, from sporadically
erupting volcanoes are constructed from a combination of
the Global Volcanism Program database (Siebert and Simkin,
2002; http://www.volcano.si.edu/world/), satellite SO, data
from the Total Ozone Mapping Spectrometer (TOMS) (Carn
et al., 2003) and the Ozone Monitoring Instrument (OMI)
(Krotkov et al., 2006; Carn et al., 2008), and in some cases
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Fig. 1. Emissions of aerosols and precursor gases from their major sources and source regions from 2000 to 2007, annual total amount. NAM
= North America, EUR = Europe, ASA = Asia, NAF = northern Africa and Middle East, SAM = South America, SAF = southern Africa,
AUS = Australia/New Zealand and countries in the tropical South Pacific. See Fig. 4 for region domains.

from reported measurements near the volcanoes (Diehl et al.,
2009). Emissions of SO, from continuously degassing volca-
noes are from Andres and Kasgnoc (1998) and are assumed
to be constant. The magnitude of volcanic eruption and vol-
canic SO, index (Bluth et al., 1997) are used to estimate
the injection height, plume thickness, and the emitted SO;
amount if not available from observations (Chin et al., 2000;
Diehl et al., 2009). Dust and sea salt emissions with particle
radius from 0.01 to 10 um are calculated instantaneously in
the model as a function of surface winds and other conditions
(Ginoux et al., 2001; Gong et al., 2003).

www.ann-geophys.net/27/3439/2009/

Figure 1 shows the annual emission from 2000 to 2007
of carbonaceous aerosols (BC and OC) from anthropogenic
and biomass burning sources, SO, from anthropogenic and
volcanic sources, dust, and sea salt. The anthropogenic,
biomass burning, and dust emissions are divided into 7
world regions, roughly within North America (NAM), Eu-
rope (EUR), Asia (ASA), northern Africa and Middle East
(NAF), South America (SAM), southern Africa (SAF),
Australia/New Zealand/tropical Western Pacific countries
(AUS) (domains shown in Fig. 4). With the 2007 an-
thropogenic emission not yet available, this study uses the
2006 anthropogenic emission in the 2007 simulations. The
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Fig. 2. 8-year (2000-2007) averaged emission rates of BC, OC, dust, sea salt, and sulfur from all (including anthropogenic, biogenic,
volcanic, biomass burning, and oceanic) sources. Emission of sulfur includes gaseous phase SO, and DMS and particulate sulfate emissions.

anthropogenic carbonaceous aerosol emissions have a small, gions especially in Asia, but decreased in North America and
but steady increase from 2000 to 2006 for all regions, and the kept nearly constant in Europe. The change in anthropogenic
anthropogenic emission of SO; has also increased in most re- emission is a combined result of economic development and
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Table 1. Aerosol and precursor emissions averaged from 2000 to
2007.

Species/source 8-year avg. Emission Range
(TgMyr hH?*  (TgMyr1)?

BC 10.2
Pollution 52 4855
Biomass burning 50 45-53

oC 61.8
Pollution 8.9 8.5-92
Biomass burning 40.2 36.1-42.3
Biogenic? 127 -

Sulfur® 93.6
Pollution 65.5 60.2-70.2
Biomass burning 2.8 29-3.0
Volcanic 10.2 74-12.8
DMS 15.1 14.8-154
Dust 3250 3060-3340
Sea salt 5060 4920-5140

& Emission rate in Tg M yr_1 where M is C for BC and OC and S
for sulfur emissions.

b Biogenic OC source is the conversion of terpene emitted from
vegetation to organic aerosol. We use the same terpene emission
from Guenther et al. (1997) for every year.

¢ Sulfur emission including SO, emissions from pollution, biomass
burning, and volcanic sources, a small fraction (3%) of sulfate from
anthropogenic sources, and DMS from the ocean.

fuel-use efficiency in those regions. Biomass burning emis-
sions, on the other hand, have large year-to-year variations
in different regions where the differences can be more than
a factor of 3 among the years, except in Africa (northern
and southern) where the interannual variations are relatively
small. The interannual variability of dust and sea-salt is
small (within 3%), although regionally the variations are
larger. Compared to other sources, volcanic emissions are
more variable. The 8-year averaged emission rates of BC,
OC, dust, sea salt, and sulfur (including gaseous phase SO,
from anthropogenic, volcanic, biomass burning sources and
DMS from ocean and particulate sulfate from anthropogenic
sources) are shown in Fig. 2 as global maps; the mean value
and the range of annual emissions are listed in Table 1.

2.2 Aerosol optical properties

The optical properties of sulfate, BC, OC, dust, and sea salt
are based on the Optical Properties of Aerosols and Clouds
(OPAC) (also known as Global Aerosol Dataset, Kopke et
al., 1997, Hess et al., 1998); the size distributions and refrac-
tive indices used in our calculations are described in Chin et
al. (2002) and listed here in Table 2. All aerosols except dust
have different degree of hygroscopic growth under ambient
conditions, which is parameterized as a function of relative
humidity (Chin et al., 2002). The aerosol optical depth, 7, is

www.ann-geophys.net/27/3439/2009/

Table 2. Particle density (o), modal and effective radii (r,, and re),
geometric standard deviation (o) in lognormal size distribution,
and refractive indices at 550 nm for dry aerosols.

Species P m Te og  Refractive index
(gem™3)  (um) (um) (um) at 550 nm

BC? 1.0 00118 0.039 2.00 1.75-0.44i
oc? 1.8 0.0212 0.087 2.20 1.53-0.006i
Sulfate? 1.7 00695 0.156 2.03 1.43-1078;
Dust 2.6 00421 0.14 2.00 1.53-0.0055i
26 00722 0.24 2.00 1.53-0.0055i

2.6 0.1354 045 2.00 1.53-0.0055i

2.6 0.2407 0.80 2.00 1.53-0.0055:

2.6 04212 1.40 2.00 1.53-0.0055i

2.6 0.7220 2.40 2.00 1.53-0.0055:

2.6 1.3540 4.50 2.00 1.53-0.0055i

2.6 24070 8.00 2.00 1.53-0.0055:

Sea salt 22 0.228 0.80 2.03 1.50-10"8;
22 1.64 5.73 2.03 1.50-10"8;

4 Assuming maximum radius at 0.5 wm.

calculated as t;=8; M; where the subscripts i=null for total
extinction optical depth, a for absorption and s for scatter-
ing optical depth, respectively; g is the mass extinction (or
absorption, or scattering) cross-section (m? g~!), also known
as mass extinction (absorption, scattering) efficiency, and My
is the dry aerosol mass load in g m~2 (see Chin et al., 2002,
for more details). The property of aerosol absorption is often
expressed with single scattering albedo w, which is 74/t: the
lower the w, the more the absorption. Figure 3 illustrates the
spectral-dependent quantities of 8 and w of sulfate, BC, OC,
sea salt, and dust at two different sizes. In the atmosphere, t
and w depends on the absolute and relative abundance of dif-
ferent types of aerosols, respectively, as well as their hygro-
scopic growth. All aerosols are treated as external mixture
in this study due to the difficulties in quantifying the mix-
ing state and the resulting optical properties in our current
capacity.

Figure 3 shows that the specific extinction 8 decreases
with the increase of wavelength for sulfate, BC, and OC
from 0.2 to 2 um in wavelength but stays rather constant
for coarse mode sea salt and dust. Small particles such as
sulfate, BC, and OC are much more efficient in light extinc-
tion in the UV to visible wavelength than sea salt and dust
(B values for these small particles are 5 to 10 times higher
than dust and sea salt in the mid-visible). The major absorb-
ing aerosols in the UV to visible spectral range are dust and
BC (right column, Fig. 3). As wavelength increases, BC be-
comes more absorbing whereas dust becomes less absorbing.
Meanwhile, OC also displays some absorbing ability at near
UV but the w becomes much lower in near IR. For the hydro-
scopic aerosols, the larger the particle size (because of larger
RH), the more efficient the total extinction (higher 8) but less

Ann. Geophys., 27, 3439-3464, 2009
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Fig. 3. Mass extinction cross-section (aka mass extinction efficiency) B (left column) and single scattering albedo w (right column) for
sulfate, BC, OC, coarse sea salt, and dust as a function of wavelength from 250 to 2000 nm. Four different sizes of each species are shown
with respective effective radius (r,) at different RH values indicated in the panels in the right column.

absorbing because of higher water fraction in the aerosol par-
ticle; on the other hand, for dust aerosols which we consider
as non-hygroscopic, the larger the particle size, the less effi-
cient they are in total extinction albeit more absorbing.

The aerosol optical properties listed in Table 2 and Fig. 3
however are subject to possible large uncertainties. Some re-
cent studies have shown different values than what we used
here, such as BC and dust refractive indices or single scat-
tering albedo, but currently the OPAC dataset is the most
comprehensive one in covering the optical properties in a

Ann. Geophys., 27, 3439-3464, 2009

wide spectral range from UV to infrared for different aerosol
species. We first evaluate the model simulated 7 and 7, us-
ing the properties in Table 2 with the AERONET data, and
the possible errors will be discussed in Sect. 3 4.

www.ann-geophys.net/27/3439/2009/



Mian Chin et al.: Light absorption by pollution, dust, and biomass burning aerosols 3445

AERONET Sites, (173) 2000-2007

908 : T T T T T T T

180W 120W

60E 120E 180E

Fig. 4. AERONET site locations where simultaneous 7 and 7, data are available for at least 20 days during 2000 to 2007 (total 173
sites). Eight sites in white circles are selected for detailed analysis shown in Fig. 5 (GSFC, USA, 40.0° N, 76.8° W; Lille, France, 51.6° N,
3.1° E; Kanpur, India, 26.5° N, 80.2° E; Beijing, China, 40.0° N, 116.4° E; Cape Verde, Sal Island, 16.7° N, 22.9° W; Alta Floresta, Brazil,
9.9°8S, 56.1° W; Mongu, Zambia, 15.3° S, 21.2° E; Lake Argyle, Australia, 16.1° S, 128.8° E). These sites together with another four sites
in white squares (Bonanza Creek, USA, 64.7° N, 148.3° W; Blida, Algeria, 36.5° N, 2.9° E; Solar Village, Saudi Arabia, 24.9°N, 46.4°E;
Dalanzadgad, Mongolia, 43.6° N, 104.4° E) are used for the spectral dependence analysis of w in Fig. 7.

3 Comparisons with AERONET data in world regions
3.1 AERONET

The AERONET program is a worldwide ground-based sun
photometer network (Holben et al., 1998), which started
in the early 1990s with more than a dozen sites and has
since grown to include over 200 sites (http://acronet.gsfc.
nasa.gov). The automatic tracking sun and sky scanning ra-
diometers make direct measurements of 7 at 340, 380, 440,
500, 675, 870,940, and 1020 nm (nominal wavelengths) dur-
ing daytime, with an accuracy of ~0.01-0.02. In addition,
sky radiance measurements at 440, 675, 870, and 1020 nm
(nominal wavelengths) in conjunction with the direct sun
measured 7 at these same wavelengths were used to retrieve
aerosol size distributions and refractive indices, providing the
spectral dependence of w and 7, (e.g. Dubovik and King,
2000; Dubovik et al., 2002, 2006). In this study, we use
the version 2 AERONET 7, 7., and o from 2000 to 2007,
which is improved from the version 1 retrieved products (7,
and w) by accounting for the mixtures of spherical and non-
spherical particle shapes and the better defined surface re-
flectance (Dubovik et al., 2006; Sinyuk et al., 2007; Eck et
al., 2008). Because of the low sensitivity to the absorption
when aerosol loading is low, 7, and, in particular, @ are re-

www.ann-geophys.net/27/3439/2009/

trieved with sufficiently high accuracy only when the total t
at 440 nm is equal or higher than 0.4 and solar zenith angle is
50 degree or higher (Dubovik et al., 2000, 2002). Therefore
the retrieved products, 7, and w, are much less available than
the direct measurements of t and limited in an environment
with relatively high aerosol loading.

Aerosol particle sizes are commonly inferred from the
spectral dependence of 7, expressed as the Angstrom Expo-
nent or «: a=-log (t1/12)/1og(A1/A2), where t and 7, are
aerosol optical depth at wavelengths A and A;, respectively.
Smaller particles have stronger wavelength dependence (as
illustrated in Fig. 3) thus larger «. Since the dependence of
log(t) on log(}) is not strictly linear (e.g. Eck et al., 1999;
also see Fig. 3), the estimates of @ may change with different
selected wavelength ranges. Here we use the « determined
from 7 at 440 and 870 nm.

Figure 4 shows the location of the 173 AERONET sites
that have at least 20 days of simultaneous data of both t and
7, at four wavelengths of 440, 675, 870, and 1020 nm during
the 2000-2007 period. We further mark these sites with dif-
ferent colors according to their geographical locations in the
7 world regions described in Sect. 2.1. These regions in gen-
eral have distinct characteristics: In NAM and EUR aerosols
are mostly from pollutions sources, in NAF mostly dust, and

Ann. Geophys., 27, 3439-3464, 2009
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Fig. 5a. Daily aerosol optical depth (z, 1st panel), absorption optical depth (7,4, 2nd panel), single scattering albedo (w, 3rd panel) at
550 nm and Angstrom exponent derived from t at 440-870 nm (e, last panel) at Goddard Space Flight Center (GSFC) in eastern USA. In
the first two panels, GOCART aerosol components accumulated to total amount are shown in shaded color with DU=dust, BC=black carbon,
OM-=organic matter, SU=sulfate, and SS=sea salt. In the last two panels, model values are shown blue line with GO=GOCART. On each
panel, R=correlation coefficient, B=bias with B, in first two panels as relative mean bias, i.e. X(GOCART:)/Z(AERONET?) and B, in the
last two panels as absolute bias, i.e. X(GOCARTi—AERONET:)/n (n=total number of observations), E=root-mean-square error, and S=skill

score. See text (Sect. 3.2) for calculation of S.

in SAM and SAF mostly biomass burning aerosols. Aerosol
composition is more diverse in ASA: dust in northwestern
and northern central China, heavy pollution in eastern China
and India, and pollution and biomass burning in southern part
of ASA. Although there is also a variety of aerosol types in
AUS region, such as biomass burning aerosols in northern
Australia and Southeast Asia and dust in central and western
Australia, it is the biomass burning aerosol that is the major
component in the three AERONET sites located in the north-
ern Australia (Fig. 4).

Ann. Geophys., 27, 3439-3464, 2009

3.2 Daily variations of AOD and optical properties in
different aerosol regimes

Comparisons between AERONET and GOCART are shown
in Fig. 5 on daily variations of 7, 74, ® (550nm) and «
(440-870nm) at 8 selected sites from the 7 regions. The
AERONET r at 550 nm is interpolated from the measure-
ments at 440 and 675 nm, using the logarithmic relationships
between 7 and A (see Sect. 3.1). To convert organic car-
bon to organic aerosols or organic matter (OM), we multi-
ply the mass of OC by a factor of 1.4 (Malm et al., 1994,
2003) then report the value of OM optical depth there-
after. The aerosol composition from the model is plotted in

www.ann-geophys.net/27/3439/2009/
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Fig. Sb. Same as Fig. 5a but for Lille, France.

different color shades in Fig. 5a—h. Four statistical param-
eters that measure the degree of model performance against
the AERONET data are also listed on each panel in Fig. 5:
correlation coefficient (R), relative or absolute mean bias (B,
for t and 7, and B, for w and «, respectively), root-mean-
square error (E), and skill score (S) which is calculated as
S=4(1+R)/[(0‘f+1/6f)2(1+R0)] where o ¢ is the ratio of the
standard deviation of model to that of observation and the R
is the maximum attainable R which is set to 1 (Taylor, 2001;
see Chin et al., 2003, for more details in using it for model
evaluation).

Over the GSFC site in the eastern US (Fig. 5a), the model
indicates a predominant presence of sulfate aerosol for all
seasons (top rows, Fig. 5a), only perturbed by dust sporadi-
cally from the long-range transport. Although BC only has a
very small fraction in total , it dominates 7, at GSFC except
in spring when t, of long-range transported dust is of similar
magnitude. However, the model underestimates both v and
T, in the summer at GSFC. Both model and AERONET re-

www.ann-geophys.net/27/3439/2009/

veal similar seasonal variations of @ and «, with the highest
value of both in the summer, meaning an increasing frac-
tion of non-absorbing pollution aerosols (mostly sulfate) and
a decreasing in aerosol particle size from winter to summer.
Though closely reproducing the seasonal variation of «, the
modeled values are typically 0.4 lower than the AERONET
data (as shown in the B, value on the last panel in Fig. 5a).
One might argue that the model may contain too much dust
to bring the & down as our previous study on surface aerosol
concentrations has shown that the model may have overesti-
mated the fine mode dust at the surface (Chin et al., 2007);
however, even if all the aerosols were sulfate, the o« would
only be about 1.7 (ref. Fig. 3), still lower than the AERONET
value near 2.0 in the summer season. We will discuss this in
Sect. 3.4.

Sulfate again is the dominant component of 7 in Lille
(Fig. 5b) located at the north most part of France near the
coast of North Sea. For its proximity to the North Sea, Lille
can have a substantial fraction of sea salt aerosols in the
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Fig. Sc. Same as Fig. 5a but for Kanpur, India.

winter when the winds are strong. The seasonal variation
of aerosol composition is reflected in the change of « (bot-
tom panel, Fig. 5b) which is much lower in the winter than in
the summer because of higher fraction of sea salt in the win-
ter. The v and 7, exhibit large day-to-day variations from
the model, which is also shown in the AERONET data al-
though the retrieved t, are only available for a fraction of the
time each year. The modeled w stays above 0.87 throughout
whereas AERONET occasionally shows very low w (0.72 to
0.82; 3rd panel, Fig. 5b). The modeled « is on average about
0.2 lower than the AERONET value for Lille.

The model severely underestimates both t and t, over
Kanpur, India (Fig. 5c, top two panels), with values on av-
erage more than 60% lower than the AERONET data, espe-
cially in the winter. Interestingly, the @ and « from the model
agree with the AERONET data in both seasonal variation and
magnitude with little bias (Fig. 5c, bottom two panels). Black
Carbon is the major absorbing component over Kanpur, but

Ann. Geophys., 27, 3439-3464, 2009

the seasonal variations of w and « is regulated by the relative
abundance of dust and sulfate as the model suggested, both
with significant seasonal changes. The fact that the model
has underestimated t and t, but at the same time well cap-
tured the w and o implies that the model estimated fractions
of each aerosol components are perhaps correct but the mag-
nitudes are not. Considering that dust and pollution come
from different locations to Kanpur (dust is mostly transported
from the Thar Desert in India/Pakistan in the west, pollution
is mostly emitted locally) but have the same magnitude of
bias, it is possible that the underestimation of t and 7, by
the model is a large-scale phenomenon, probably due to the
model resolution and/or the removal processes, not necessar-
ily the wrong emissions.

In Beijing, China (Fig. 5d), both t and t, are consider-
ably higher than those from other pollution sites discussed
previously (Fig. 5a—c), with daily maximum t reaching 2.5
and 7, over 0.2 from the AERONET data. The model again
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significantly underestimates (about 40% on average) the
and 7, over that site (top two panels, Fig. 5d). In addi-
tion, AERONET data show weak seasonal variations of 7
whereas the model simulates a much stronger seasonal cycle.
Strong dust intrusion events occur regularly in the spring,
which are reflected in the low « values in both AERONET
and the model (bottom panel, Fig. 5d). However, the mod-
eled pollution level in the winter, most probably from the
absorbing aerosols, is too low, causing much higher w and
much lower o than AERONET. In this case, the emission of
primary absorbing carbonaceous aerosols or the secondary
organic aerosols formed in the atmosphere from pollution
sources may have been significantly underestimated in the
model. On the other hand, in situ measurements in Beijing
during the wintertime showed that the dust usually account
for >50% of the total aerosol mass concentrations at the sur-
face (e.g., Duan et al., 2007; Yuan et al., 2008). Therefore, it
is possible that the surface and column aerosol composition
are quite different in Beijing in the wintertime.

www.ann-geophys.net/27/3439/2009/
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Dust transported from the Sahara desert overwhelms both
T and t, over Cape Verde (Fig. 5e), located right off the west
coast of northern Africa, resulting in typical o values below
0.5. In the wintertime, the site is influenced by the Sahel
biomass burning, making a sharp increase of « in the winter
to above 1 (bottom panel, Fig. 5Se). The modeled t on aver-
age agrees with the AERONET data to within 10%, but the
model overestimates 7, by more than 50% on average. The
difference between AERONET and GOCART in the aerosol
absorption is also reflected in the w: the modeled w is 0.03 to
0.04 lower than that from the AERONET (3rd panel, Fig. Se).
This difference points to the dust optical properties in the
model (Table 2), which is likely being too absorbing.

The three Southern Hemispheric sites shown in Fig. 5f
to h, Alta Floresta in Brazil (Fig. 5f), Mongu in Zambia
(Fig. 5g), and Lake Argyle in Australia (Fig. Sh), are mainly
dominated by biomass burning aerosol, with OM being the
major aerosol component of T and BC the major compo-
nent of 7,. Although the seasonality is quite regular, as the
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Fig. Se. Same as Fig. 5a but for Cape Verde, off the west coast of northern Africa.

fire activity peaks in August to September over Alta Floresta
and Mongu and a month later over Lake Argyle, there are
significant year-to-year variations of the fire intensity. For
example, the average t in September 2007 in Alta Floresta
is twice as high as that in the same month in 2000 from
AERONET. At the peak of biomass burning time, the model
estimates a similar w for all three sites to be 0.82 to 0.85; this
value appears to be too low for Alta Floresta but too high for
Mongu and Lake Argyle as compared to AERONET data.
The AERONET data thus suggest that the aerosol released
from Mongu and Lake Argyle, mainly from the shrublands
and savanna burning, is more absorbing than that released
from Alta Floresta that is mainly from broadleaf forest burn-
ing. This difference between absorption of biomass burning
aerosols in different regions has also been discussed in previ-
ous AERONET papers (e.g., Dubovik et al., 2002, Eck et al.,
2003, 2009; Reid et al., 2005). The model does not account
for the difference in BC to OM emission ratios in differ-
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ent biomass types, which would overestimate the absorption
in Alta Floresta but underestimate the absorption in Mongu
and Lake Argyle. Another difference between AERONET
and GOCART is the particle size; the modeled « values are
much larger (or particle sizes are much smaller) than the
AERONET data over Alta Floresta in the non-burning period
but agree with AERONET in Mongu. Some observations
over the Amazon suggested the size of organic particles from
the biogenic sources in Amazon can be much larger than that
from pollution sources (J. V. Martins, personal communica-
tion, 2009), but the model does not make such a distinction.

3.3 Overall comparisons of 7, 7,, w, and «

The overall statistical comparisons between AERONET and
GOCART at all 173 sites (Fig. 4) during 2000 to 2007 are
shown in Table 3 for monthly and Fig. 6 for annual means of
7,74, w,and a. The minimum number of days with available
AERONET data is 5 for calculating monthly means and 20

www.ann-geophys.net/27/3439/2009/



Fig. 5f. Same as Fig. 5a but for Alta Floresta in Brazil.

for annual means. The GOCART results are averaged over
the same days for appropriate comparisons. These annual
means in Fig. 6 are color-coded for the 7 regions (Fig. 4).
Figure 6 shows that about 90% of model simulated annual
averaged t agree with AERONET within a factor of two,
and on a global basis the modeled t is about 8% lower than
the AERONET data. The regions where modeled average
T is lower than AERONET by 30-40% are SAM, SAF, and
AUS (Table 3), pointing to the likelihood of underestimated
biomass burning emissions, as was noted in Fig. 5. The com-
parison of t,, on the other hand, is more scattered, as only
about 70% of the points are within a factor of 2 of agreement.
There are also recognizable regional differences: modeled
T, values are lower than AERONET at most sites located
in pollution and biomass burning regions except SAM but
are higher in dust dominated places (NAF and some sites in
ASA), due to the overestimation of dust particle absorption
(Fig. 3).
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With respect to w, the modeled values for regions of NAM,
EUR, and NAF are mostly confined within a narrow range
(Fig. 6), for example, 0.88 to 0.90 for NAF, 0.91 to 0.95 for
Europe, and 0.94 to 0.96 for NAM, while the AERONET
data for those regions exhibit a much wider spread. Ta-
ble 3 shows that the largest discrepancies between model and
AERONET are in NAF where modeled regional average w is
0.03 lower (more absorbing) and in AUS where model is 0.06
higher (less absorbing) than AERONET.

The comparison of « separates the points into two groups,
one below the 1:1 line (model being lower) and the other
above (model being higher) (Fig. 6). The model calculated
« in EUR and NAF are almost exclusively lower than the
AERONET observations, as is the majority points in NAM.
Overall in these regions, o from the model is 0.2-0.3 lower
than that from AERONET (Table 3). In contrast, modeled «
in SAM, SAF, and AUS are almost exclusively higher than
AERONET by 0.2-0.3 on average (Table 3). In ASA, the
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Fig. 5g. Same as Fig. 5a but for Mongu, Zambia.

modeled o are higher at some of the sites but lower at oth-
ers than that from AERONET; those points where model is
higher are dominated by biomass burning aerosols (e.g., Hua
Hin, Mukdahan, Pimai in Tailand during burning season) and
those where the model is lower are dominated by pollution
and/or dust aerosols (e.g., Beijing and SACOL in China, Os-
aka in Japan, Dalanzadged in Mongolia).

3.4 Spectral dependence of w

We further examine in Fig. 7 the wavelength (1) dependence
of w in the visible to shortwave infrared (440—1020 nm) spec-
tral range at sites typically regarded as located in pollution,
biomass burning, or dust in different regions, similar to that
shown in Dubovik et al. (2002). For the four sites in pol-
lution regions (GSFC, Lille, Kanpur, and Beijing, Fig. 7a),
both AERONET and GOCART show that in the visible spec-
tral region, w is the highest in GSFC among the four sites
followed by Lille, and the lowest in Beijing and Kanpur.

Ann. Geophys., 27, 3439-3464, 2009
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However, the spectral dependence from the model is weaker
than that from AERONET, and the difference in w increases
at longer wavelengths. The AERONET retrieval and model
simulation display different wavelength dependence of @ in
Beijing and Kanpur: AERONET shows an increase of w with
A in Kanpur but the model shows a decrease from mid-visible
to shortwave infrared. On the other hand, the model exhibits
an increase of w with wavelength in Beijing, similar to the
shape of dust sites (Fig. 7c) but AERONET shows a convex
shape with a maximum at 675 nm.

There are large differences in the w—A relationship be-
tween AERONET and GOCART at the four biomass burn-
ing sites (Fig. 7b). AERONET displays a clear separation
between forest burning (Bonanza Creek in Alaska and Alta
Floresta in Brazil) and savanna/shrub burning (Mongu in
Zambia and Lake Argyle in Australia): aerosols at Bonanza
Creek and Alta Floresta are much less absorbing and have
weaker wavelength dependence than those at Mongu and

www.ann-geophys.net/27/3439/2009/
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Fig. 5h. Same as Fig. 5a but for Lake Argyle in Australia.

Lake Argyle. The model calculates a much stronger wave-
length dependence of w than AERONET at all four sites, al-
though the model also shows that at Bonanza Creek aerosol
is less absorbing and the wavelength dependence is weaker
than at other biomass burning sites because of a higher sul-
fate fraction at that location, likely from the transport of
pollutions from near (North America) and far (Europe and
Asia) sources (Chin et al., 2007). The differences between
AERONET and GOCART on these biomass burning sites
have exposed a deficiency in the model on emission factors
in different vegetation types, the particle size distributions,
and the optical properties of biomass burning aerosols.

The model and AERONET display similar shapes of spec-
tral dependence of w over the four dust sites (Cape Verde and
Blida in/near northern Africa, Solar Village in Saudi Arabia,
Dalanzadgad in Mongolia) (Fig. 7c), but the modeled w is
typically 0.02 to 0.03 lower than AERONET and behaves
more similarly among the sites. Both model and AERONET

www.ann-geophys.net/27/3439/2009/

show that the w—A relationship over Dalazadgad is differ-
ent from other dust sites, but more so from AERONET data.
Model component analysis shows that the sulfate fraction in
Dalazadgad is higher than that at other sites, causing less in-
crease of @ with wavelength.

3.5 Model evaluation and steps for improvement

The comparisons discussed above and shown in Fig. 5 to
Fig. 7 have clearly revealed the similarities and differences
in four key parameters, 7, 7,4, @, and o between AERONET
and GOCART. A summary of model evaluation is as follows:

1. Among the four parameters, best agreement between
AERONET and GOCART are those directly measured
by AERONET, namely 7 and «, on regional and global
scales (Table 3 and Fig. 6). The model has a much lower
skill in reproducing the AERONET retrieved quantities
of wand 7.
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2.

Ann.

While the systematic bias of model calculated 7 for pol-
lution and dust regions is relatively small, the model
systematically underestimate the t for biomass burning
aerosols by 30-40% in regions dominated by that type
of aerosol, such as in South America, southern Africa,
and Australia during the burning seasons. Consider-
ing the fact that we have used higher emission factors
of carbonaceous aerosols than the commonly suggested
values (e.g., Andreae and Merlet, 2001), our still-too-
low biomass burning t reveals the possibility that the
dry mass burned estimates in GFED v2 may be too low,
as other studies have also suggested (e.g., Bian et al.,
2007).

. There are clear differences between the model and

AERONET on «. The modeled « is 0.2-0.3 too small
(or the particles are too large) for pollution because the

Geophys., 27, 3439-3464, 2009

lognormal distribution sulfate particle size is probably
too wide, and yet it is 0.2-0.3 too large (or the parti-
cles are too small) for the biomass burning aerosols be-
cause the effective radius of OM particles are probably
too small. The « for dust from the model is also about
0.2 to 0.3 smaller than AERONET, suggesting too high
a coarse mode fraction of dust.

. The model estimated t, are generally lower than
AERONET except in the dust dominated area of NAF.
Over pollution-dominated areas the discrepancy indi-
cates that the amount of absorbing aerosol, such as BC,
is probably too low in the model. For biomass burning
dominated areas, it is likely that the total emission is too
low, since the t values are also low there. The high bias
of modeled dust 7, is mostly the result of the incorrect
optical properties used in the model (i.e. the imaginary

www.ann-geophys.net/27/3439/2009/
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(a) Pollution Sites (b) Biomass Burning Sites (c) Dust Sites

095} N 1 095F o—= —e— o 095F ‘ﬁ/—e—"kk
: : 25 : : o —9 ]
0.90f s o4  o090fF 1 o090} ¢ B

3
o
e ~ = -
(9] 4
< t i [
2 ossf 1 oss ¢ 1 oss ]
k9] ] [ ]
“‘E 4 L
O +H L 4
‘g 0.80 1 080 1 080- b
_g:  — GSFC ] [ — Bonanza_Creek r —— Capo_Verde q
%) 3 Lille 1 3 Alta_Floresta © 3 Blida 1
0'75;— Kanpur 7 0'75;— Mongu 0'75: —— Solar_Village 1
r Beijing ] r Lake_Argyle r —— Dalanzadgad ]
070 AERONET | o7of AERONET | o7of AERONET -
Ll Liviviinny Liviininny Livuininny Livvinin Lovvininis | N N Liviininny Livvinin Lovvininis Livivinni Livivinnny Lovod 0 Lo Lovvininny Livininin, Livivinnny Liviviinny Livivninny Livis
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
1.00[ 7 1.00T 1.00T
0.95F w 4 owesf 1 ossf
s I > ] — —
S [ ] [ [
3 0.90} a/e,/—e—"@i 090 e—%\e\e\ﬂf 0.90fF
o [ - [ t
< b & E < ] L © L
2 oss 1 oss : 1 oss[ ¢
9o [ ] [ [
“‘E L L L 4
S [ [ [ ]
% 0.80- 1 080 1 080- b
Tg:  — GSFC ] [ — Bonanza_Creek r —— Capo_Verde ]
17} 3 Lille 1 3 Alta_Floresta 3 Blida 1
0'75: —— Kanpur 1 0'75: —— Mongu 0'75: —— Solar_Village 1
r Beijing ] r Lake_Argyle [ — Dalanzadgad ]
070F GOCART { o7of ©1 o7of GOCART 1
Ll Liviviinny Liviininny Livuininny Livvinin Lovvininis | N N Liviininny Livvinin Lovvininis Livivinni Livivinnny Lovod 0 Lo Lovvininny Livininin, Livivinnny Liviviinny Livivninny Livis
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
Wavelength A (nm) Wavelength A (nm) Wavelength A (nm)

Fig. 7. Spectral dependence of w at four sites each located at (a) pollution, (b) biomass burning, and (c) dust regions as shown in the
AERONET retrieval (top row) and GOCART model (bottom row). Points are averaged over all available daily data from AERONET
retrievals from 2000 to 2007. Site locations are indicated in Fig. 4 and discussed in the text.

part of the refractive index being too high, see Table 2), rect size distributions for sulfate and OM aerosols as
that is also shown in the values of w. discussed in (3).

5. The @ at 550 nm in the model for the dust dominated These comparisons have provided multi-dimensional diag-
region of NAF is about 0.03 lower than that from nostics of the shortcomings in the model as well as possi-

AERONET with a much narrower range between dif- ble remedies for them. As just mentioned, the dust in the
ferent sites. It is thus possible that the optical prop- model on average is too absorbing (w at 550 nm being 0.88 to
erty of dust used in model calculation is too absorbing, ~ 0.90 at the dust dominated sites) compared with AERONET,
and the dust property is likely to be different at differ- while other studies have reported a wide range of w for
ent locations. From AERONET the w of forest biomass dust. For example, some studies reported a relatively strong

burning is much higher (less absorbing) than that from  absorption by the Saharan dust with  of 0.86 to 0.88 at
savanna/shrubland burning, reflecting the differences in ~ mid-visible wavelength (Patterson et al., 1977), while oth-

smoke aerosol composition among different vegetation ers suggested a much weaker absorption of the same dust
types. However the model does not take into account of ~ With a 550 nm @ value of about 0.97 (Kaufman et al., 2001),
those differences, resulting in more similar values of @ along with still other studies presenting @ values in between
in different biomass burning regions. those numbers (Cattral et al., 2003; Bergstrom et al., 2007).

Also, retrievals of Saharan dust refractive index based on
6. The spectral dependence of w in different aerosol TOMS or TOMS-AERONET combined observations found

regimes has shown that the model produces much a much lower imaginary refractive index (less absorbing) in
stronger wavelength dependence for biomass burning UV wavelengths than the values archived in the OPAC (Co-
aerosols but weaker for pollution aerosols than those larco et al., 2002; Sinuyk et al., 2003). For models to in-
from AERONET. This problem is related to the incor- corporate the information from different measurements to

www.ann-geophys.net/27/3439/2009/ Ann. Geophys., 27, 3439-3464, 2009
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Table 3. Statistics of AERONET-GOCART comparisons of
monthly mean? 550 nm 7, 7,4, and w and 440-870 nm « for seven
world regions as well as for all sites from 2000 to 2007. See Fig. 4
for region domains.

Region Statistical quantityb

T: R By E S
NAM 0509 0907 0.098 0.543
EUR 0440 1.120 0091 0.718
ASA 0459 0.759 0245 0.5%
NAF 0.650 1.135 0.198 0.825
SAM 0.769  0.638 0.198 0.866
SAF 0851 0613 0.114 0.729
AUS 0.837 0.675 0071 0585
ALL 0.685 0959 0.154 03834
Ta: R B, E S
NAM 0.120 0440 0.021 0.096
EUR 0.183  0.709 0.016 0.591
ASA 0227 0.634 0035 0570
NAF 0342 1461 0036 0.554
SAM 0527 0952 0046 0372
SAF 0.793 0470 0.037 0.811
AUS 0497 0324 0046 0.536
ALL 0.331 0940 0.032 0615
w: R By, E S
NAM 0455 —0.005 0.036 0.560
EUR 0.189  0.002 0030 0372
ASA 0533 —0.004 0.030 0.721
NAF 0.140 —-0.032 0.044 0.181
SAM 0498 —0.022 0.045 0.746
SAF 0.677 0010 0027 0.698
AUS 0.531 0.058 0.063 0.540
ALL 0468 —0.014 0.037 0.679
o R B, E S
NAM 0.629 —0301 0394 0.790
EUR 0583 —-0356 0411 0.790
ASA 0.655 —0246 0395 0.697
NAF 0.802 —-0202 0.284 0.855
SAM 0.666 0218 0318 0.832
SAF 0905 0245 0311 0977
AUS 0.770 0318 0.363 0.811
ALL 0.784 —0225 0371 0.891

4 Monthly mean is obtained by averaging the available AERONET
data in a particular month (minimum 5 days). GOCART monthly
mean is calculated for the same days when AERONET data are
available.

b R=correlation coefficient, B,=relative mean bias (for T and 1,),
Bg=absolute mean bias (for w and «), E=root-mean-square error,
S=skill score (see text and Fig. 5a caption for explanation).

calculate the dust absorption, it would require quantitative
data of complex refractive indices that cover not only a sin-
gle or a narrow range of wavelength(s) but also from UV to
IR, at least for the solar spectral range. Such optical infor-
mation should also be obtained from different geographical

Ann. Geophys., 27, 3439-3464, 2009

locations for different mineralogical compositions. A recent
study that measures dust refractive index and @ from 300 to
1000 nm as a function of iron oxides contents (Lafon et al.,
2006), for instance, would be suitable for our purpose albeit
the need for extrapolations to longer wavelengths.

BC absorption in the model is another important area
to improve. A recent review (Bond and Bergstrom, 2006)
has suggested that the “light absorbing carbon”, which is
mainly BC, should have a refractive index with higher values
for both real and imaginary part (1.85-0.717) at mid-visible
wavelength and higher particle density (1.8 gcm™) than
those compiled in the OPAC database (Table 2). Model sim-
ulations using the Bond-Bergstrom recommended values re-
sulted in 40% increase of global averaged 7, from the simu-
lation using the OPAC optical properties (Stier et al., 2007),
implying more than a factor of 2 increase over pollution
and biomass burning regions (because dust absorption was
not changed in the two simulations). Here, incorporating
the Bond-Bergstrom recommended optical properties for BC
in our model would likely improve the agreement between
model and AERONET on 7, even though it might worsen
that on w (Fig. 3 and Table 6). Likewise, the mid-visible
optical properties will have to be extrapolated to other wave-
lengths with larger uncertainties.

Sulfate and OM size distributions in the model should be
modified. The comparisons of the 440—870 nm « at pollution
and biomass burning sites (Fig. 6) has made it clear that the
wavelength dependence of sulfate is too weak and that of OM
is too strong in the model compared to AERONET. It implies
too large a size (or too broad a lognormal size distribution)
for sulfate particles but too small a size (or too narrow a log-
normal size distribution) for OM particles. The AERONET
retrieved information on lognormal size distributions at pol-
lution and biomass burning sites can help to refine the size
distribution used in the Mie calculations to recalculate the
wavelength-dependent mass extinction cross-sections. Al-
though it is the ambient size distributions that AERONET
retrieves, the dry size distribution, which is necessary for the
Mie calculation, can be inferred from the aerosol water up-
take retrieved at the AEROENT sites (Schuster et al., 2009).

Other aspects of model improvements enlightened from
this study include considering the distinct biomass burning
emission factors for BC and OM in different ecosystems, the
differences in OM particle size between the combustions and
biogenic sources, and biogenic emission amount.

4 Composition and origin of total and absorbing
aerosols

Keeping in mind the strengths and weaknesses of the model
performance from the above evaluation, we present the
model simulated global properties and estimated composi-
tion and origin as follows.

www.ann-geophys.net/27/3439/2009/
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Fig. 8. Global distributions of t (left column), 7, (middle column), and w (right column) in January (Ist row), April (2nd row), July (3rd
row), and October (4th row) averaged over 8-year period from 2000 to 2007. The time averages of 7, 74, and w for the entire §-year period

are shown in the last row.

4.1 Global distributions of 7, 7,, and w and aerosol com-
position

Displayed in Fig. 8 are the model simulated climatology of
T, T4, and w for January, April, July, October, and the to-
tal mean values averaged over the 8-year period from 2000
to 2007. Global averaged 7 and t, at 550 nm are 0.14 and

www.ann-geophys.net/27/3439/2009/

0.0086, respectively, for this period. The highest t and ¢,
are located in regions and seasons with heavy loadings of
dust, biomass burning, and pollution, such as northern Africa
(mainly dust), northern and eastern China (mainly dust and
pollution, respectively), and equatorial/southern hemispheric
extra tropical land areas (mainly biomass burning). The low-
est w, or the highest absorbing fraction, is in the biomass

Ann. Geophys., 27, 3439-3464, 2009
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Fig. 9. Left column: Percentage contributions to 550 nm t from BC, OM, dust, sea salt, and sulfate. Right column: same as the left column
but for 7. Sea salt and sulfate are not shown in the right column because of their zero contributions to 7.
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Fig. 10. Percentage contributions to 550 nm 7 (left column) and t, (right column) from pollution (top row), biomass burning (middle row),
and natural (bottom row) aerosols in 2007. Natural aerosol including dust, sea salt, biogenic, and volcanic aerosols.

burning areas (tropical northern Africa in January, southern
Africa in July), with values ranging from 0.84 to 0.88. Glob-
ally, T and 7, are the lowest in the NH winter (January) and
the highest in the NH spring (April). However there is a large
seasonal contrast between NH and SH. In the NH, the sea-
sonal variation is mostly regulated by the dust and pollution
transport while in the SH it is controlled by a strong sea-
sonal cycle of biomass burning, although sea salt also plays
a significant role in he southern ocean for . Global mean
w shows little variations in different seasons (0.94 to 0.96)
but there are significant differences among regions, mainly
controlled by the biomass burning.

The relative contributions of each aerosol component to
T and 7, are shown in Fig. 9. Globally, sulfate makes the
largest fraction of 7 (37%), followed by dust (30%), sea salt
(16%), OM (13%), and BC (4%). Although BC is optically

www.ann-geophys.net/27/3439/2009/

thin, it is an important component of aerosol absorption, ac-
counting for 43% of t, while dust contributes to about 53%.
Considering that the model may have overestimated 7, in
dust regions but underestimated that in biomass burning re-
gions compared to AERONET (Figs. 5 and 6), we may ex-
pect a comparable amount of absorption from dust and BC if
model agreed with AERONET better. The rest, 4% of t,, is
from OM, which absorbs slightly in the visible wavelength
(Fig. 3). Note that these relative contributions are evaluated
at the mid-visible wavelength of 550 nm. Because different
aerosol species have different spectral variations of specific
extinction B as well as w (e.g., Figs. 3 and 7), these relative
percentage numbers will change at different wavelengths.

Comparing with other model calculations, t, of BC from
the GOCART model is considerably higher. In the re-
cent multi-model experiments in the Aerosol Comparisons

Ann. Geophys., 27, 3439-3464, 2009
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Table 4. Aerosol composition, origin, and the relative contribution
to T and 7,4 at 550 nm for 2007. Numbers in parenthesis are global
averages.

Species/origin 7 (0.14) 174 (0.0090)
BC 3.8% 43.9%
Pollution 1.9% 21.8%
Biomass burning 1.9% 22.1%
oM 13.3% 3.8%
Pollution 2.0% 0.6%
Biomass burning 9.8% 2.9%
Natural® 1.5% 0.4%
Dust 30.7% 52.3%
Sulfate 36.1%
Pollution 23.6%
Biomass burning 2.6%
Natural® 10.0%
Sea salt 16.0%
Total pollution 27.5% 22.3%
Total biomass burning ~ 14.3% 25.0%
Total Natural® 582% 52.7%

4 Natural OM aerosol including those formed from oxidation of ter-
pene emitted from vegetations. Natural sulfate aerosol including
sulfate formed from dimethyl sulfide (emitted from the ocean) and
SO, from volcanic eruptions. These aerosols plus dust and sea salt
constitute total natural aerosols.

between Observations and Models (AeroCom) using fixed
emissions, the 7, of BC at 550 nm ranges from 0.0011 to
0.0035 among 9 global models with an average value of
0.0019 (Schulz et al., 2006). Similar value (0.0021) is given
by the ECHAM model study using the OPAC optical proper-
ties for BC (Stier et al., 2007). Our study shows that the 7,
of BC at 550 nm is 0.0037, derived from total 7, of 0.0086
(Fig. 8, bottom right panel) and the percentage of BC con-
tribution at 43.3% (Fig. 9, top right panel). One of the ma-
jor reasons for this difference is the emission: the total BC
emission used in Schulz et al.(2006) and Stier et al. (2007)
is 7.6 Tgyr~! (3.0 Tgyr~! biomass burning, 4.6 Tg yr~! fuel
combustion, taken from Dentener et al., 2006), while it is
102 Tgyr~! (50 Tgyr~! biomass burning, 5.2 Tgyr~! fuel
combustion, see Table 1) in our study.

4.2 Origin of total and absorbing aerosol

We further examine the origin of t and 7, from different
sources of dust, biomass burning, and pollution. To do so,
we have conducted two additional model simulations, one
with biomass burning emissions of SO, , BC, and OM turned
off, and the other with natural sources only, i.e., exclud-
ing anthropogenic and biomass burning emissions. Aerosols
from anthropogenic, biomass burning, and natural sources
can then be derived from the standard simulation (with all
sources) and the simulations with particular sources turned
off. These simulations are conducted for 2007 only, when
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the composition percentages are within 1% as those in the
8-year climatology (Fig. 9). The budget is listed in Table 4
and also shown in Fig. 10. Here we use the term “pollu-
tion” for aerosols from fuel combustions and “natural” for
dust, sea salt, volcanic, and biogenic aerosols that include
OM produced from terpene (emitted from vegetation) and
sulfate from DMS (emitted from ocean) oxidations. We also
assume that all dust aerosols are natural even though there is
likely some “anthropogenic” dust from land use practices.

Not surprisingly, the highest percentages of t for pollu-
tion, biomass burning, and natural aerosols are at the vicini-
ties of their strongest source areas: NH mid-latitudes for pol-
lution, tropical/SH subtropical regions for biomass burning,
and deserts and remote ocean area for natural aerosols. Vol-
canic sources control the natural aerosol fraction in the trop-
ical South Pacific (volcanic eruptions from Lopevi and Am-
brym in the Vanuatu archipelago and Bagana in the Solo-
man Islands) and the South Indian Ocean east of Madagas-
car (eruption of Piton de la Fournaise volcano on Reunion
Island), and to a smaller degree in the vicinity of Nicaragua
and Costa Rica (degassing volcano Masaya and others). As
we have shown in Fig. 9, 7, consists of mainly two com-
ponents, dust and BC. Aerosol absorption is dominated by
dust in the NH except over the pollution source areas, and
by biomass burning aerosols in the SH except over the desert
regions in Australia, Argentina, and Chile. Despite the prox-
imity of boreal forest to the Arctic, biomass burning from
boreal fire has limited impact on t and t, in the Arctic (less
than 10% for T and 20% for 7, on annual average), which is
much weaker than the influence of the transport of pollution
and dust aerosols. This is in part because the biomass burning
is highly seasonal with relatively short duration, in contrast
with the constantly available pollution and dust aerosols that
are frequently making their way to the Arctic, especially in
the winter and spring. Therefore the biomass burning im-
pact to the Arctic is expected to be much larger during the
burning season than the annual average. Globally, natural
aerosols account for 58% of t and 53% of t,, whereas pol-
Iution and biomass burning aerosols share the rest. If we
assume biomass burning aerosols are mainly from anthro-
pogenic activities, than the total anthropogenic fractions of
global 7 and 7, are 42% and 47%, respectively.

5 Conclusions

We have reported our results from an 8-year (2000-2007)
model simulation of atmospheric aerosols that quantifies
aerosol absorption and attributes such absorption to aerosol
composition and sources from pollution, dust, and biomass
burning. The 8-year, global averaged 7, 7,, and w at 550 nm
are estimated at 0.14, 0.0086, and 0.95, respectively. Sul-
fate makes the largest fraction of tv (37%) globally, fol-
lowed by dust (30%), sea salt (16%), OM (13%), and BC
(4%). Although BC is optically thin, it is an important
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component of aerosol absorption; it accounts for 43% of 7,
while dust contributes to about 53%. The rest, 4% of t,,
is from OM. From a model experiment for 2007 in which
the aerosol produced from pollution, biomass burning, and
natural sources are “tagged”, we have found that the natu-
ral aerosols (dust, sea salt, volcanic, and biogenic) account
for 58% of t and 53% of 7, whereas pollution and biomass
burning aerosols share the rest. If we assume biomass burn-
ing aerosols come mainly from anthropogenic activities, then
the total anthropogenic fractions of global r and 7, are 42%
and 47%, respectively. Given that the model may have over-
estimated t, in dust regions but underestimated that in pollu-
tion and biomass burning regions compared to data from the
AERONET, we should expect a smaller difference in absorp-
tion from dust and anthropogenic aerosols globally. How-
ever, these quantities and their relative importance differ sig-
nificantly with space and time, reflecting the high variability
of sources and short lifetimes of aerosols. Also, these rel-
ative fractions at 550 nm will change at other wavelengths
since different aerosols have different spectral dependence
of mass extinction or absorption cross-sections (8 or 8,).

We have compared the model results of 7, 7,, w, and
o with those quantities measured or retrieved from the
AERONET at 173 sites worldwide located in pollution,
biomass burning, and dust regions. Among the four parame-
ters, those match the best between AERONET and GOCART
are the ones directly measured by AERONET, namely t and
o, on regional and global scales. While the systematic bias of
model calculated 7 for pollution and dust regions is relatively
small, the model usually underestimates the t for biomass
burning aerosols by 30-40%. This discrepancy suggests the
possibility that the total dry mass burned from the current
biomass burning emission dataset is much too low. The mod-
eled size parameter, o, is 0.2-0.3 too low (or the particles
are too large) for pollution as well as for dust aerosols but
it is 0.2-0.3 too high (or the particles are too small) for the
biomass burning aerosols, indicating errors in the size distri-
butions of those aerosols used in model calculations.

The model has a much lower skill in reproducing the
AERONET retrieved quantities of w and t,. Compared with
AERONET data, the model estimated t, is generally lower
except in the dust dominated areas where the model is higher,
and the modeled w is lower for dust and forest burning areas
but higher in savanna/shrubland burning places. These differ-
ences may be explained by a combination of several factors,
including the incorrect optical properties for dust and car-
bonaceous aerosols, indiscriminative BC/OM emission fac-
tors for different burning vegetation types, and the likeli-
hood of too low biomass burning emissions. The spectral
dependence of w in different aerosol regimes has shown that
the model produces a much stronger wavelength dependence
for biomass burning aerosols but a weaker one for pollution
aerosols than those from AERONET, a problem that is re-
lated mainly to the incorrect size distributions for sulfate and
OM aerosols used in the model.

www.ann-geophys.net/27/3439/2009/

The comparisons between GOCART and AERONET in
this study have brought to the forefront the need for the
model to incorporate the updated, knowledge based sulfate
and OM size distributions, dust absorption properties as a
function of iron composition, and BC refractive index. Also,
the dry mass burned and trace gas and aerosol released from
biomass burning will need to be further refined.

Because of the importance of aerosol absorption in the
atmosphere, significant efforts should be undertaken to im-
prove the predictive capability of models with particular re-
spect to such a quantity. The evaluation of current models
with satellite or AERONET data is mostly limited in its ca-
pacity to the mid-visible wavelength but, as this study has
shown, such a comparison is not sufficient enough to eval-
uate the optical and microphysical properties in the model
that are critical for climate studies. As more global model
simulations now converge on the t values at the mid-visible
wavelength (e.g., Kinne et al., 2006, for multiple model stud-
ies in AeroCom), which is a result from considerable im-
provements of models to achieve a better agreement with
that quantity from satellite and AERONET measurements,
it is now necessary to expand the effort to evaluate the model
performance at multi-wavelength and with multi-variables.
Such effort will lead to further improved treatment of the
chemical, physical, and optical properties in the models that
will ultimately be used to assess the aerosol climate impacts
of the past and project the climate response to the change of
aerosols in the future.
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